Treatment of a sodium dodecyl sulfate-polyacrylamide gel with periodic acid-Schiff (PAS) stain or blotting with Galanthus nivalis agglutinin revealed the presence of several glycosylated polypeptides in a partially purified detergent extract of the membrane fraction of Sulfolobus solfataricus. One of the glycoproteins comigrated with the membrane-associated protein-serine/threonine kinase from S. solfataricus, which had been radiolabeled by autophosphorylation with [ 32 P]ATP in vitro. Treatment with a chemical deglycosylating agent, trifluoromethanesulfonic acid, abolished PAS staining and reduced the M r of the protein kinase from ϳ67,000 to ϳ62,000. Protein kinase activity also adhered to, and could be eluted from, agarose beads containing bound G. nivalis agglutinin. Glycosylation of the protein kinase implies that at least a portion of this integral membrane protein resides on the external surface of the cell membrane.
Although several reports indicate that proteins resident in members of the so-called "third domain of life," the Archaea, are the targets of covalent modification by phosphorylation on serine, threonine, and/or tyrosine residues (20, 30, 31, (33) (34) (35) (36) , little is known concerning the structural or functional characteristics of the protein kinases responsible. Surveys of several archaeal genomes have identified open reading frames whose predicted protein products exhibit faint homology to the most populous group of protein-serine/threonine/tyrosine kinases, the eukaryotic protein kinase superfamily (14, 21, 26, 32) . Many archaea also contain open reading frames potentially encoding homologs of two-component histidine kinases (11, 12) , variants of which act as protein-serine/threonine/tyrosine kinases in members of the Eucarya (9) and Bacteria (17, 27, 38, 40) . However, with the exception of a CheA-like two-component histidine kinase from Halobacterium salinarum (23) , it has yet to be determined whether any of these deduced archaeal protein kinases possesses the catalytic properties suggested by homology searches.
Recently, protein-serine/threonine kinase activity was detected in the membrane fraction of the extreme acidothermophilic archaeon Sulfolobus solfataricus (15) . Solubilization of this protein kinase activity required detergents such as Triton X-100 or octyl glucoside, indicating that it was associated with an integral membrane protein. By exploiting the ability of the enzyme responsible to renaturate following sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) or two-dimensional electrophoresis, the source of this activity was traced to a polypeptide with an apparent M r of ϳ67,000 (ϳ67K) that was able to phosphorylate itself or exogenous protein substrates in situ.
Gel filtration chromatography indicated that the protein kinase was an oligomer. While the catalytic polypeptide appeared to behave as a single species during SDS-PAGE, on two-dimensional gels it migrated in a noticeably diffuse manner, even under conditions where it presumably was in a dephosphorylated state (15) . Electrophoretic behavior of this type oftentimes is indicative of covalent modification by glycosylation (22) , as complex carbohydrate moieties constitute a frequent source of structural microheterogeneity. Given that glycosylation also correlates with membrane localization in eukaryotes and, as far as is currently known, in prokaryotes as well, we investigated whether the membrane-associated protein-serine/threonine kinase from S. solfataricus was a glycoprotein.
MATERIALS AND METHODS

Materials. Purchased materials included [␥-
32 P]ATP (NEN Research Products, Boston, Mass.), protein assay reagent (Bio-Rad, Richmond, Calif.), a Gelcode glycoprotein staining kit (Pierce, Rockford Ill.), a digoxigenin (DIG) glycan differentiation kit (Roche Diagnostics GmbH, Mannheim, Germany), and a Glycofree deglycosylation kit (Glyko Inc., Novato, Calif.). Agarose beads containing immobilized Galanthus nivalis agglutinin were from Sigma (St. Louis, Mo.). General laboratory reagents and microbial culture media were from Fisher (Pittsburgh, Pa.) or Sigma.
Routine procedures. Protein concentrations were determined as described by Bradford (1) with premixed reagent and a standardized solution of bovine serum albumin. SDS-PAGE was performed as described by Laemmli (13) . Gels were stained for protein with Coomassie brilliant blue as described by Fairbanks et al. (7) . 32 P-labeled phosphoproteins were visualized by electronic autoradiography with a Packard (Meriden, Conn.) Instantimager. Protein kinase activity was assayed at 65°C with [␥-32 P]ATP, using myosin light-chain (MLC) peptide as the phosphoacceptor substrate, as described previously (15) .
Preparation of the DE-52 fraction from S. solfataricus. The DE-52 fraction, a partially purified detergent extract from the membrane fraction of S. solfataricus, was prepared as described by Lower et al. (15) . Briefly, S. solfataricus was grown in continuous culture with vigorous aeration at 75°C in de Rosa's standard medium (3) with the level of yeast extract increased to 2 g/liter. Kanamycin sulfate (20 mg/liter) was added daily. Cells were harvested and stored at Ϫ20°C until needed.
Frozen S. solfataricus (20 g [wet weight]) was thawed and resuspended in 2 volumes of 20 mM morpholineethanesulfonic acid (MES) (pH 6.5) containing 0.5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, and 10 g of DNase I/ml. The cells were lysed by two passages through a French pressure cell at 12,000 lb/in 2 . The lysate was centrifuged at 1,000 ϫ g for 10 min at 4°C. Next, the supernatant liquid was centrifuged at 100,000 ϫ g for 75 min at 4°C. The pellet was washed and resuspended in 40 ml of 20 mM sodium acetate (pH 5.0) containing 0.5 M NaCl and particulate material collected by centrifugation at 100,000 ϫ g for 75 min at 4°C. The pellet was resuspended in 40 ml of 20 mM MES (pH 6.5) containing 125 mM NaCl and 25 mM octyl glucoside. The mixture was centrifuged at 100,000 ϫ g for 75 min at 4°C, and the supernatant liquid was retained as the detergent extract.
The detergent extract was diluted fivefold by the addition of 4 volumes of 20 mM MES (pH 6.5) containing 0.5 mM EDTA and applied to a 1.5-by 18-cm column of DE-52 cellulose that had been equilibrated in 20 mM MES (pH 6.5) containing 25 mM NaCl and 12.5 mM octyl glucoside (equilibration buffer). The column was washed with 3 column volumes of equilibration buffer and developed with a linear gradient (150 ml total) of 25 to 500 mM NaCl in equilibration buffer. Fractions (3 ml) were collected and assayed for protein kinase activity. Fractions corresponding to the major peak of protein kinase activity, which eluted at an NaCl concentration of ϳ200 mM, were pooled and retained as the DE-52 fraction.
Autophosphorylation of the protein kinase in gel. Renaturation and autophosphorylation of the membrane-associated protein kinase from S. solfataricus were performed as described by Lower et al. (15) . Briefly, after SDS-PAGE, the detergent was removed from the gel by washing with 20% (vol/vol) isopropanol. Proteins were randomized by soaking the gel in 20 mM MES (pH 6.5) containing 6 M guanidine hydrochloride and then allowed to renature by incubation with several changes of 20 mM MES (pH 6.5) containing 0.1% (vol/vol) Triton X-100, 1 mM dithiothreitol (DTT), and 5 mM (each) MnCl 2 and MgCl 2 . The gels were incubated for 1 h at 65°C in 20 mM MES (pH 6.5) containing 0.1% (vol/vol) Triton X-100, 1 mM DTT, and 5 mM (each) MnCl 2 and MgCl 2 to which 50 M ATP (15 Ci of [␥-
32 P]ATP/ml) had been added. The gels were washed extensively in 2% (wt/vol) sodium pyrophosphate to remove excess ATP and dried, and autophosphorylated proteins were visualized by electronic autoradiography.
Radioactive labeling of protein kinase by autophosphorylation. The DE-52 fraction (75 g) was incubated for 60 min at 65°C in a volume of 100 l of 20 mM MES (pH 6.5) containing 50 M ATP (300 Ci of [␥-32 P]ATP/ml), 5 mM MnCl 2 , 2 mM DTT, and 12.5 mM octyl glucoside. The reaction was terminated by the addition of 3 volumes of ice-cold acetone. The precipitated proteins were collected by centrifugation at 12,000 rpm for 3 min in a microcentrifuge and resuspended in SDS sample buffer.
Staining with PAS stain. SDS-polyacrylamide gels were stained for carbohydrate with periodic acid-Schiff (PAS) stain (25) by using a Gelcode glycoprotein staining kit according to the manufacturer's protocols.
Deglycosylation with TFMS. Chemical deglycosylation with trifluoromethanesulfonic acid (TFMS) (4) was carried out with a Glycofree deglycosylation kit according to the manufacturer's protocols. Briefly, the DE-52 fraction (75 g) was autophosphorylated as described above, with the exception that the acetone precipitate was resuspended in 0.25% (wt/vol) SDS at a temperature of 65°C and then lyophilized. The lyophilized solid was transferred to a 1-ml glass vial equipped with a Teflon-coated septum cap and cooled on dry ice-ethanol. Next, 50 l of a 2:1 mixture of TFMS and toluene was added, and the vial was maintained on dry ice-ethanol for an additional 20 s. The vial was then incubated for 4 h at Ϫ20°C. Gentle agitation was performed at 5 and 10 min to promote complete dispersal of the lyophilized protein. Next, the mixture was placed on dry ice-ethanol, and 150 l of 60% (vol/vol) pyridine in water was slowly added to neutralize the TFMS. After 20 s, the mixture was transferred to dry ice for 5 min and then to ice for a further 15 min. Finally, 400 l of 0.5% (wt/vol) ammonium bicarbonate was added, and the mixture was dialyzed prior to the addition of SDS sample buffer.
Detection of glycoproteins via blotting with DIG-labeled lectins. Portions of the DE-52 fraction, containing 1 g of protein each, were mixed with SDS sample buffer and loaded into individual lanes of an SDS-polyacrylamide gel. One lane contained a sample of the DE-52 fraction that had been incubated with [␥-
32 P]ATP as described above to label the autophosphorylated protein kinase with [ 32 P]phosphate. Other lanes accommodated known glycoproteins serving as positive controls: asialofetuin, fetuin, transferrin, and carboxypeptidase Y. After electrophoresis, the proteins were electrophoretically transferred to an Immobilon P membrane. The membrane was divided into sections, each containing (i) a set of prestained molecular weight standards, (ii) one or more known glycoproteins, and (iii) a sample of the DE-52 fraction. Blotting was then performed with the materials and according to the directions provided in the DIG glycan differentiation kit. Briefly, each membrane section was incubated with blocking solution, washed, and incubated with one of five DIG-labeled lectins: Datura stramonium agglutinin, G. nivalis agglutinin, peanut agglutinin, Sambucus nigra agglutinin, or Maackia amurensis agglutinin. After being washed, membrane sections were then incubated with an anti-DIG antibody conjugated to horseradish peroxidase. Bound lectin was visualized by incubation with 5-bromo-4-chloro-3-indolylphosphate and nitroblue tetrazolium.
Binding of the protein kinase to lectins immobilized on agarose beads. The DE-52 fraction (0.185 mg of protein in a volume of 0.5 ml) was supplemented with urea to a final concentration of 2 M and with CaCl 2 and MnCl 2 to final concentrations of 1 mM each. This material was added to 0.5 ml of swelled agarose beads coated with G. nivalis agglutinin that had been equilibrated in 50 mM morpholinepropanesulfonic acid (MOPS) (pH 7.0) containing 15 mM octyl glucoside, 1 mM CaCl 2 , 1 mM MnCl 2 , 50 mM NaCl, and 2 M urea (lectin buffer). After continuous agitation for 30 min, the aqueous phase was collected by centrifugal filtration at 1,000 ϫ g for 2 min. This process was repeated twice more. The final filtrate was referred to as the flo-thru. Next, the agarose beads were pooled together, and adherent proteins were removed by adding lectin buffer containing 500 mM methyl-␣-D-mannopyranoside and 1 M NaCl. The eluant liquid was collected by centrifugal filtration at 1,000 ϫ g for 2 min and pooled as the adherent fraction. The load, flo-thru, and adherent fractions each were dialyzed versus 50 mM MES (pH 6.0) containing 0.1% (vol/vol) Triton X-100, concentrated 10-fold by centrifugal ultrafiltration with Centricon 10 devices, and assayed for protein kinase activity as described above.
RESULTS
When an SDS-polyacrylamide gel of a DE-52 fraction, a partially purified detergent extract of the membrane fraction from S. solfataricus, was probed for carbohydrate with PAS stain (Fig. 1) , several glycosylated proteins were visible. One of these coincided with the position of a polypeptide with an M r of ϳ67K which autophosphorylated itself in gel following renaturation and incubation with [␥-
32 P]ATP in situ (Fig. 1 ). Previous studies in our laboratory had established that this polypeptide possessed protein-serine/threonine kinase activity FIG. 1. A glycoprotein with an apparent M r of ϳ67K comigrates with the membrane-associated protein kinase from S. solfataricus. Portions of a partially purified detergent extract of the membrane fraction from S. solfataricus, the DE-52 fraction, containing 20 g of protein each, were applied to an SDS-polyacrylamide gel along with a set of prestained molecular weight standards (Stds). After electrophoresis, the gel was divided into sections. One section of the gel was stained with PAS. In a duplicate section, proteins in the gel were renatured and incubated with [␥- 32 (15) . The ϳ67K glycoprotein also was visible in preparations of the protein kinase that had been subjected to further purification by gel filtration chromatography (data not shown). Treatment of the DE-52 fraction with the chemical deglycosylating agent TFMS (4) prior to SDS-PAGE abolished all PAS-detectable carbohydrate (Fig. 2) . Since this harsh chemical treatment abolished the ability to renature protein kinase activity following SDS-PAGE, the protein kinase was autophosphorylated prior to TFMS treatment and electrophoresis with [␥-32 P]ATP. While a few additional polypeptides also became phosphorylated during this preincubation, their electrophoretic mobilities differed markedly from that of the 32 Plabeled protein kinase, allowing the latter's position to be readily tracked by autoradiography. Pretreatment with TFMS resulted in the apparent disappearance of the autophosphorylated protein kinase with the accompanying appearance of a new 32 P-labeled species with an apparent M r of ϳ62K (Fig. 2) . None of the other 32 P-labeled phosphoproteins present in the DE-52 fraction were visibly affected by treatment with TFMS. It therefore was concluded that the ϳ62K phosphoprotein represented a form of the autophosphorylated protein kinase whose electrophoretic mobility had increased as a result of the removal of bound carbohydrate.
To gain further insight into the nature of the carbohydrate moieties present on the membrane-associated protein-serine/ threonine kinase and other glycoproteins from S. solfataricus, samples of the DE-52 fraction were blotted onto an Immobilon P membrane following SDS-PAGE. Sections of the membrane were then probed with one of the following of lectins: G. nivalis agglutinin, Sambuca nigris agglutinin, M. amurensis agglutinin, peanut agglutinin, or D. stramonium agglutinin. Only one of these, G. nivalis agglutinin, was observed to bind to the glycoproteins in the DE-52 fraction (Fig. 3) . The noticeably larger number of glycoproteins visualized by lectin blotting than by staining with PAS presumably reflects the much higher sensitivity of the former method. Notably, one of the glycoproteins visualized by blotting with G. nivalis agglutinin appeared to comigrate with the membrane-associated protein kinase, which had been radiolabeled by autophosphorylation in the presence of [␥-
32 P]ATP prior to SDS-PAGE. Exploiting the information obtained by lectin blotting, we used agarose beads coated with covalently bound G. nivalis agglutinin as a second means for ascertaining whether the membrane-associated protein kinase was glycosylated. Since this method employed nondenaturing conditions, it afforded an opportunity to monitor the behavior of the protein kinase by assaying its ability to catalyze phosphoryl transfer from [␥-32 P]ATP to an exogenous substrate, MLC peptide. MLC peptide is modeled after a phosphorylation site in myosin light chains from smooth muscle (10) that is adventitiously phosphorylated by this archaeal protein kinase (15) .
Incubation of the DE-52 fraction with agarose beads coated with G. nivalis agglutinin depleted the vast majority (ϳ81%) of the protein kinase activity from the solution (Fig. 4) . The majority (ϳ84%) of the activity that had been depleted could be recovered by elution with methyl-␣-D-mannopyranoside. The presence of the protein kinase in the adherent fraction also could be detected by autophosphorylation in gel following SDS-PAGE, while analysis of the adherent fraction by both PAS and lectin staining indicated the presence of the ϳ67K glycoprotein as well (data not shown). Binding of the protein kinase to the column required the presence of 2 M urea, which may have rendered the carbohydrate moiety(ies) on the enzyme more accessible to the lectin by dissociating protein ag- 
DISCUSSION
Staining with PAS and blotting with G. nivalis agglutinin revealed that a partially purified detergent extract of the membrane fraction from the archaeon S. solfataricus contained numerous glycoproteins. As has proved to be the case for many of the small handful of glycoproteins previously characterized from members of the Archaea, including S. solfataricus (6) , binding to the aforementioned lectin indicates the presence of terminal mannose residues (29) . The lack of detectable binding by Sambucus nigra agglutinin (28) or M. amurensis agglutinin (37) suggests an absence of abundant glycoproteins whose carbohydrate moieties contain terminal sialic acid. Similarly, the lack of detectable binding by D. stramonium agglutinin (39) or peanut agglutinin (19) suggests an absence of terminal galactose moieties.
Our findings indicate that the ϳ67K polypeptide previously identified as the source of the membrane-associated proteinserine/threonine kinase activity in S. solfataricus (15) is a glycoprotein. Not only did the autophosphorylated, 32 P-labeled protein kinase comigrate with glycoproteins visualized by PAS staining or blotting with G. nivalis agglutinin, but it was also the only phosphoprotein in the mixture whose electrophoretic mobility was altered by treatment with the general chemical deglycosylating agent TFMS. Moreover, by using assays of its activity toward an exogenous peptide substrate as a second, independent means for detection, it was observed that the majority of the protein kinase bound to and could be eluted from G. nivalis agglutinin that had been immobilized on agarose beads.
It is tempting to speculate that the glycosylation of the membrane-associated protein-serine/threonine kinase from S. solfataricus indicates a transmembrane topography. Thus far, glycosylation of archaeal proteins appears to be confined to secreted proteins (8) and to the extracellular domains of membrane proteins (5, 6, 18, 24) , a pattern mirroring that observed for eukaryotes. Covalent modification by glycosylation therefore suggests that at least a portion of the membrane-associated protein-serine/threonine kinase from S. solfataricus is exposed on the exterior surface of the cell.
On the other hand, it appears likely that the catalytic domain of the protein kinase resides on the cytoplasmic side of the membrane. Not only would this conform to the pattern observed for the overwhelming majority of membrane-associated protein kinases previously characterized in eucaryal and bacterial organisms, but it represents the explanation most consistent with the observed influence of pH on the catalytic activity of the archaeal protein kinase in vitro. An extreme acidothermophile, S. solfataricus requires an external pH between 1 and 3 for growth (2) . However, members of the genus Sulfolobus maintain an internal pH near 6 (16) . In vitro, the membrane-associated protein-serine/threonine kinase from S. solfataricus exhibited its highest catalytic activity at pH values between 5.5 and 7.5, while catalytic activity declined to negligible levels at pH values below 4 (data not shown). Although the supporting evidence remains circumstantial in nature, a transmembrane topography would be consistent with the participation of this archaeal protein-serine/threonine kinase in the transduction of extracellular signals. 
